Mate choice for major histocompatibility complex (MHC) compatibility has been found in several taxa, although rarely in birds. MHC is a crucial component in adaptive immunity and by choosing an MHCdissimilar partner, heterozygosity and potentially broad pathogen resistance is maximized in the offspring. The MHC genotype influences odour cues and preferences in mammals and fish and hence olfactorybased mate choice can occur. We tested whether blue petrels, Halobaena caerulea, choose partners based on MHC compatibility. This bird is long-lived, monogamous and can discriminate between individual odours using olfaction, which makes it exceptionally well suited for this analysis. We screened MHC class I and II B alleles in blue petrels using 454-pyrosequencing and quantified the phylogenetic, functional and allele-sharing similarity between individuals. Partners were functionally more dissimilar at the MHC class II B loci than expected from random mating (p ¼ 0.033), whereas there was no such difference at the MHC class I loci. Phylogenetic and non-sequence-based MHC allele-sharing measures detected no MHC dissimilarity between partners for either MHC class I or II B. Our study provides evidence of mate choice for MHC compatibility in a bird with a high dependency on odour cues, suggesting that MHC odour-mediated mate choice occurs in birds.
INTRODUCTION
The major histocompatibility complex (MHC) plays a crucial role in vertebrate adaptive immunity [1] . The extraordinary polymorphism found in this gene cluster is thought to be mainly driven by pathogen-mediated balancing selection although mate choice for compatibility, could be an additional mechanism for maintaining MHC diversity [2] [3] [4] [5] . Mate choice for compatibility requires disassortative mating between genetically dissimilar/ compatible individuals to gain heterozygote advantages beyond what can be obtained by choice of heterozygous mates (which will eventually lead the population to genetic equilibrium) [2] . MHC heterozygosity is associated with increased disease resistance and survival [6] [7] [8] , and MHC compatibility in human couples is known to decrease the rate of spontaneous abortions [9, 10] . MHC-based mate choice could therefore be beneficial. In several species of fish and mammals, the MHC genotype is detectable by olfactory cues (personal odours) and these cues may guide the choice of a partner (reviewed in [11, 12] ).
Mate choice for MHC compatibility has been found in several taxa, e.g. humans [13] , other primates [14, 15] , mice [16, 17] , lizards [18, 19] and fish [20, 21] , although not in all studies or examined species (reviewed in [3, 12, 22, 23] ). MHC compatibility and other male quality characters may interact in the female mate choice decision, i.e. an MHC-dependent mate choice may only be found when there are small differences between male quality characters [24] . In birds, direct benefits of a social mate, like territory quality or male feeding rate, are known to be very important [25] and it is likely that mate choice for MHC compatibility (an indirect benefit) may be undetectable or absent in many avian systems. Zelano & Edwards [26] suggested that an avian genetically based matechoice system for MHC compatibility would be most probable in long-lived species that engage in lifelong monogamy and have good olfaction (to permit an MHC-based olfactory discrimination of potential partners). All these characteristics are found among procellariiform birds (petrels) [27] [28] [29] . The single mate choice event in petrels is likely to be subject to strong selection since making a good mate choice for life is crucial to maximize fitness. An MHC-dependent mate choice is therefore predicted in this avian family [26, 30] .
The blue petrel, Halobaena caerulea (Procellariiformes), is an Antarctic burrow nesting bird that breeds in dense colonies on small islands in the Southern Ocean [31] . Foraging is odour-guided [32] , and the underground nest and partner is identified solely by olfactory cues [33 -35] . In particular, the ability to recognize the partner and avoid self in favour of other individuals in odour choice tests [35] raises the question whether the blue petrel could have a genetically based matechoice system for MHC compatibility. The blue petrel MHC genes are organized in, at least, eight class I and two class II B loci where most genes are transcribed [36] .
We test the hypothesis that blue petrels choose MHC-compatible partners, with the assumptions that MHC heterozygosity increases fitness directly (or is an indicator of overall heterozygosity) and that blue petrels can evaluate the MHC genotype of potential partners. We predict that MHC genotypes between partners should be more dissimilar than MHC genotypes from random pairs.
We analyse both MHC class I and class II B loci to investigate potential differences between the two classes in relation to mate choice. The different gene expression patterns and functions of the two classes of MHC justify a parallel investigation; class I molecules are expressed on all nucleated cells and present peptides from intracellular pathogens, e.g. many viruses, whereas MHC class II molecules are expressed on immune cells and present peptides from extracellular pathogens, e.g. many bacteria [1] . The analyses are based on high-coverage 454-pyrosequencing of MHC class I and II B amplicons in a multi-loci setup in blue petrels with known partners. The DNA sequences were analysed with phylogenetical and functional distance-based methods and the percent difference (PD) in allele sharing was established. The genotyped partners were contrasted to random expectations.
MATERIAL AND METHODS

(a) Birds and sample preparation
A study colony of about 80 nest burrows of blue petrels, Halobaena caerulea, was studied during seven successive field seasons (December-January) between 2001 and 2009 (excluding season 2004-2005). The species is widespread around the Kerguelen archipelago (southern Indian Ocean), and many of its islands are common breeding sites for the blue petrels. The study colony is situated on the small island 'Ile Verte' (49851 0 S, 70805 0 E). Most birds from these nests are ringed and burrows have been fitted with a closable aperture above the incubating chamber to facilitate capture. Removing birds from the burrow for a brief time does not appear to affect incubation behaviour or the hatchability of the eggs. In this study, 55 pairs (55 males and 55 females) were included in the analyses (for full description of the screening, see the electronic supplementary material, S1). Pairs with the highest number of seasons spent together were chosen in the cases where the partner had been replaced (n ¼ 7). Blood was collected from all individuals. The samples (0.1-0.5 ml of blood) were collected with syringe from the brachial vein and were kept in Queen's lysis buffer (0.5 ml) (10 mM Tris-HCl, 10 mM NaCl, 10 mM EDTA, 1% n-lauroylsarcosine, pH8.0), stored at þ48C until DNA extraction.
DNA was extracted from the blood samples, stored in Queen's buffer, according to the manufacturer's protocol using the DNeasy Blood & Tissue Kit (Qiagen) and DNA was kept at 2208 until used.
(b) 454-pyrosequencing of major histocompatibility complex class I and II B Class-specific primers for amplification of variable regions of the MHC class I and class II B genes in the blue petrel were designed in conserved flanking regions identified by sequencing of longer stretches of the genes [36] . PCR amplifications of class I and II B alleles were run separately. For each MHC class, a set of 56 individually tagged primer pairs were designed (the individual tags differed with at least three and on average five nucleotides). Both the forward and the reverse primer were tagged and had the following design: 5'CC-7 base ID-class-specific primer and were used for MHC amplification of each individual (see the electronic supplementary material, S1). Technical duplicates were performed for 11 individuals. The PCR products were purified, quantified and pooled. The amount of each target was adjusted for sequence coverage of 1500Â per individual for MHC class I targets and 700Â coverage for class II B targets. The 454-pyrosequencing was performed on a Roche 454 GS FLX platform following the manufacturer's instructions at Genoscope, Evry, France.
(c) Filtering of sequence data
The 454-pyrosequencing data were filtered to remove lowquality sequences (see the electronic supplementary material, S1), any reads representing artefactual MHC alleles or putatively non-functional sequences. Sequences with presence of the two primers (tolerating a maximum of two errors on each primer) with correct tags on both sides were kept and then all sequence reads with an occurrence lower than 10 in the whole dataset were removed (the low occurrence is a potential indication of artefactual sequences). Identical sequences were detected with the web-application seqeqseq (http://mbio-serv2.mbioekol.lu.se/apps/seqeqseq.html) and the number of reads for identical sequences were summarized for each individual with the web-application mergeMatrix (http://mbio-serv2.mbioekol.lu.se/apps/merge Matrix.html). To remove more artefactual sequences derived from either PCR or sequencing errors, we used two of the customizable bioinformatic tools in the web-application pop-Matrix (http://mbio-serv2.mbioekol.lu.se/apps/popMatrix. html) designed for filtering of high-throughput sequencing data according to Galan et al. [37] and Babik et al. [38] . Data from individuals with low total sequence abundance potentially do not cover the full MHC genotype and was hence discarded. Erroneous, e.g. chimeric sequences, were considered to appear at a lower frequency than 'true' sequences and low relative abundance sequences within an individual was therefore discarded. The technical duplicates of 11 samples were used to determine the cut-off values for the filtering of the MHC I and II B datasets, respectively. This was done separately since the number of loci are different for the two MHC classes. Filter 1 (minimum total sequence abundance/individual) was set to 200 for MHC I and 175 for MHC II B. Filter 3 (minimum relative abundance of a sequence/individual) was set to 2 per cent for MHC I and 3 per cent for MHC II B. Also, only alleles that were verified in at least two independent PCR reactions and with an open reading frame (potentially expressed genes) were kept. Finally, before using the dataset in further analyses, additional potential chimeric sequences were identified per individual by eye in BIOEDIT v. 7.0.9 [39] . Potential PCR-chimeras were eliminated if they were a combination of two parental sequences and had lower than half the read number compared with any of the two parental sequences.
(d) Data analysis
The genetic distances between individuals were calculated separately for the two MHC classes by the following approach. A maximum-likelihood tree (one for each MHC class) was inferred for all verified and translated sequences using the RAXML software (v. 7.0.4) under the PROTMIX model and the JTT substitution matrix, with default settings [40] . These trees (MHC class I, electronic supplementary material, figure S1; MHC class II B, electronic supplementary material, figure S2 ) were used as references from which the phylogenetic distances between individual's translated MHC-sequence repertoires were calculated. For example, two individuals having exactly the same MHC alleles will share the same nodes and branches from root to terminal leafs in the reference tree, consequently they will have a phylogenetic distance of 0 per cent. In contrast, two individuals with sequences from different clades in the reference tree will only share nodes and branches from the basal parts of the phylogenetic topology, consequently they will have a phylogenetic distance more than 0 per cent. Accordingly, the pairwise distances between all individuals were estimated by using UniFrac, a phylogenetic comparison tool originally developed for measuring genetic distances between microbial communities [41, 42] .
The amino acid positions in each MHC molecule that bind to antigens, the peptide-binding regions (PBRs), were inferred from earlier studies [43, 44] and were previously shown for blue petrel MHC sequences [36] . The chemical binding properties of the amino acids in the PBR of the verified sequences were described by five physico-chemical descriptor variables (z-descriptors) for each amino acid [45] , and the resulting matrix was used to construct alternative maximum-likelihood trees with contml in the PHYLIP-package, v. 3.69. These trees represent clusters of functionally rather than evolutionary similar MHC sequences (MHC class I, electronic supplementary material, figure S3 ; MHC class II B, electronic supplementary material, figure S4 ). Functional MHC distances between individuals were calculated as described for the phylogenetic distances (UniFrac) but the RaxML-tree was replaced with the functional contml-tree.
To quantify any dissimilarity in allele composition on a pure shared/non-shared allele basis in pairs versus randomly set-up pairs, the PD was calculated: To test if partners are more dissimilar at the MHC than expected from random pairs, differences in MHC amino acid distance, functional distance and allele sharing (PD) between true pairs and randomly set-up pairs were analysed. Bootstrap confidence tests were performed with 10 000 permutations. We let each female 'randomly pair' with one of the males without re-sampling in each round of the permutations and then a distance-average was calculated for each permutation (class I: females n ¼ 50, males n ¼ 50; class II B: females n ¼ 48, males n ¼ 48; in total 55 pairs, where 43 pairs are the same for both the class I and II analyses). 
RESULTS
(c) Functional distances
The functional binding specificities of the amino acids in the PBR of an MHC molecule determine what pathogen antigens that can be bound and detected in that particular molecule. The average functional distance of each individuals' complete MHC repertoire was compared between true and random pairs, and again there was no difference for MHC class I between mean distances of true and random pairs (bootstrap confidence test, p ¼ 0.36; figure 1c ). However, the average true pair was significantly more distant/dissimilar functionally at the MHC class II B loci, than would be expected from random matings (bootstrap confidence test, p ¼ 0.033; figure 1d ).
(d) Allele sharing
The PD in shared MHC alleles between partners was not different between true and random pairs for either MHC class I (bootstrap confidence test, p ¼ 0.24) or class II B (bootstrap confidence test, p ¼ 0.24; figure 1e,f ).
DISCUSSION
Blue petrels choose mates with functionally dissimilar MHC class II B genes ( figure 1d ). This result supports mate compatibility theory where a genetically dissimilar mate should be chosen to maximize offspring heterozygosity [2, 46, 47] . A plausible explanatory driver for such disassortative mating is the benefit of high offspring MHC polymorphism that potentially allows recognition of a broader variety of pathogens compared with low MHC polymorphism [7, 48, 49] . Additionally, because MHC genes are highly polymorphic they can provide a system for kin recognition that generates further selection through the benefit of inbreeding avoidance [11, 12] . Given the ecology of the blue petrel where individuals return to their nestling areas to breed with only one partner for life, such a mechanism would be beneficial [26] . Contrary to the choice for an MHC class II B-dissimilar partner, there was no evidence for disassortative mating on functional MHC class I characteristics (figure 1c). Neither was there any evidence for phylogenetic nor allele-sharing difference between partners for either MHC class I or II B (figure 1). Potentially, these measures are too blunt to detect any differences between partners and non-partners since the information used may not reflect biologically relevant differences.
The odour preferences for partners in blue petrels [35] , suggests that an MHC-dissimilar partner could be detected using olfaction. Since a functionally different MHC genotype is chosen, the differences are likely to be perceivable between individuals. Hence, there are strong indications for an MHC-dependent odourmediated mate choice in a bird, which to our knowledge has not been shown before. The link between personal odour, MHC and mate choice has been described in several taxa [12, 50, 51] , whereas in birds such link has not been obvious, possibly because many examined species (e.g. passerines) are not known for extensive chemical communication or do not have well-developed olfactory systems [27, 29] . Whether this could explain the lack of MHC-based mate choice among studied passerines [52] can only be speculated. On the other hand, alternative mating strategies are found in passerines, with an increased success in extra-pair matings when the social mate is MHC similar [53 -55] . In the serial monogamous great frigatebird, Fregata minor (Pelicaniformes), a disassortative mating pattern for two MHC class II B loci was recently shown [56] . The addition of our findings, a remotely related species, may indicate that this mate choice strategy is a common feature among seabirds. However, unlike the blue petrel, odour-mediated mate discrimination has not yet been established for the great frigatebird [56] . The main source for individual olfactory discrimination in the blue petrel is the uropygial gland lipids (that are used for preening of the feathers) that differ chemically between individuals [33, 57, 58] . The interindividual differences of the odours could, given our results, be at least partly explained by individual MHC profiles as described in e.g. rodents [59, 60] . Also the olfactory driven avoidance of self and preference for others, that were shown experimentally in the blue petrel [35] , may well be mediated by MHC-dependent odour cues, especially since related individuals that de facto share more MHC alleles, smell more alike than unrelated individuals [61] . MHC-dependent odours have been suggested to indicate kinship also in e.g. mice and fish [62, 63] , which may also apply to these birds.
The contrasting mating pattern on MHC class I (not different from random expectations) and class II B (disassortative) in blue petrels could be an effect of the different targets of MHC class I (intracellular pathogens, mainly virus) and class II (extracellular pathogens, mainly bacteria) [1] . In the light of olfactory-driven mate choice, bacteria are known to influence individual odour [64] , and therefore it is plausible that this could contribute to the proximate link between partner selection and MHC class II alleles as opposed to MHC class I alleles. MHC-dependent odour cues have been hypothesized to originate directly from the microbial communities that are harboured by different MHC types [65] or indirectly from microbial community metabolites [22] . In mice, the MHC profile contributes to the particular microbial community found in their scent marks [66] . The uropygial gland lipids, in the blue petrel, may also contain microbes that could modify these odour components to accentuate individual odours. Moreover, degradation of the gland components, which may be attributed to microbial breakdown, has been shown on the feathers of blue petrels [58] . Consequently, if the uropygial gland or feather microflora is determined by the MHC profile, it could contribute to the personal odour signature.
Our high-coverage screening data of two multi-loci MHC gene families derived from 454-pyrosequencing give the advantage of possibly representing all MHC class I and II B loci in each investigated individual. We are confident that the choice of method has helped to genotype the individuals more precisely than would have been possible with direct sequencing or cloning. Nevertheless, the reproducibility of the duplicated MHC class I samples was lower (80%) than for the MHC class II B samples (99%) which means that MHC class I alleles may have been missed in the genotyping. This in turn could have obscured any disassortative mating patterns on MHC class I. Still, if the differences were pronounced we should have detected it since there are on average 10.8 MHC class I alleles per individual.
It should be noted that our MHC class II result is based on one of the subunits of the MHC class II molecule (the b-unit) and not the MHC class II A (a-subunit), which may also influence choice on MHC class II. Future investigations could elucidate if the two subunits are equally important in partner choice. With the higher sequence coverage, we found evidence for at least three MHC class II B loci in the blue petrel genome which is one more than found with traditional methods [36] . However, we were not able to assign individual MHC alleles to specific loci, which is a well-known limitation when working with non-model birds [67] . To circumvent this problem, we adopted a novel approach for MHC comparison of all alleles simultaneously by using a tool originally developed for molecular distance assessment of microbial communities [41] . This approach might actually better mirror the reality in the choice situation as opposed to fine-scaled choice on particular loci, since all transcribed (functional) loci probably contribute to any perceivable MHC profile.
Whether the MHC class II dissimilarity between partners is a way to pursue genetic benefits in terms of pathogen resistance for the offspring or if MHC is used as an indicator for inbreeding avoidance deserves further investigation in this species. By developing protocols for genome-wide sequence comparisons, the MHC dissimilarity between partners could be contrasted to genome differences to address this question.
CONCLUSIONS
Our results support mate choice for MHC class II B-compatibility between social mates of blue petrels, providing evidence for MHC-dependent mate choice in birds. In contrast, this pattern was not found for MHC class I. The reasons for choosing an MHC-dissimilar partner include heterozygote advantage in pathogen resistance and/or inbreeding avoidance. The monogamous lifestyle of blue petrels makes an accurate mate choice particularly important. An odour-mediated mate choice is highly plausible in this species due to the occurrence of olfactory discrimination of individual odours and also odour preference for the partner in choice experiments. A potential mechanism for detection of MHC-dissimilar mates is that MHC-dependent bacteria (the target of MHC class II B) determine individual odour signatures. Future investigations should focus on detecting links between the individual odour signature, the bird microflora and the individual MHC profile in this species.
